The nonsmooth body surface of the reptile in nature plays an important role in reduction of resistance and friction when it lives in a soil environment. To consider whether it was feasible for improving the performance of penetrating projectile we investigated the influence of the convex as one of nonsmooth surfaces for the nose of projectile. A numerical simulation study of the projectile against the concrete target was developed based on the discrete element method (DEM). The results show that the convex nose surface of the projectile is beneficial for reducing the penetration resistance greatly, which is also validated by the experiments. Compared to the traditional smooth nose structure, the main reason of difference is due to the local contact normal pressure, which increases dramatically due to the abrupt change of curvature caused by the convex at the same condition. Accordingly, the broken particles of the concrete target obtain more kinetic energy and their average radial flow velocities will drastically increase simultaneously, which is in favor of decreasing the interface friction and the compaction density of concrete target around the nose of projectile.
Instruction
The penetrating problem of the projectile against geological target has already been the focus of research for a long time. It has been found that there are many factors that influence the penetration performance. The nose of the projectile, named shape function in cavity-expansion theory, could determine the impact pressure [1] and the interface friction [2] between projectile and target. Therefore, as one of the most important factors, it can affect the penetrating resistance directly.
In the process of natural evolution, the reptile, such as lizard, dung beetle, and pangolin, has its special body surface morphology, which is classified into five types: groove, rib, scale, convex, and concave according to different shapes. The bionic research has discovered that these specific structures can play important roles in reducing soil resistance and friction when the reptile lives in the geological environment [3] . At present, the explanation for this above phenomenon is attributed to the following aspects [4] [5] [6] .
(i) When the reptile moves in the soil, the nonsmooth surface can decrease the real contact area, resulting in the reduction of friction accordingly. (ii) The nonsmooth surface of the reptile is able to change the movement pattern of the contact soil particle from sliding to rolling. Therefore, it decreases the friction force and has ability of antiwear correspondingly. (iii) The soil compacted density around the reptile could decrease because the groove and concave nonsmooth surface can hold a certain amount of the soil fragments.
Inspired by the nonsmooth surface structure, the question is can it be applied to design the projectile nose to deduce the penetration resistance and abrasion? We think it is essential to research the difference of penetration caused by the convex surface.
Since the discrete element method (DEM) was developed by Cundall and Strack in 1979 [7] , the constitutive relations of the rock and concrete can be reasonably described by the bonded particle model [8] . Recently, it was proven that this approach is a powerful tool in understanding the projectile penetration and the soil or concrete target fracture [9] [10] [11] . More importantly, it can preferably reflect the characteristics of interface friction [12] , wear [13] , energy transmission, and the movement of broken materials [14] . These advantages will be beneficial to understand the effect of nonsmooth surface on the projectile nose contact with the crashed particle of the geological target.
The Structure Selection of Nonsmooth Surface for Projectile Nose
The dung beetle, as the typical soil reptile, has three kinds of nonsmooth structure (convex, concave, and groove) simultaneously, which are distributed in its different parts of body. In particular, it has been found that the convex structure, mostly distributing in the labrum and claw of the dung beetle, squeezes and rubs against the soil frequently. The shape of the convex on beetle surface is just like an upturned saucer and its bottom surface transits smoothly (the microscopic image and model of convex, see Figures 1(a) and 1(b), respectively). The math relationship can be described as
Similarly, considering the severity of impact and friction of projectile nose, the convex was selected as the nonsmooth unit in this paper. Meanwhile, in order to facilitate easily in the future, the shape of convex was simplified as a spherical cap and began to layout from a certain distance with the nose tip of the projectile. The experiment discovered that the average convex diameter of the dung beetle antenna is 5∼ 10 m, which is 1/50∼1/100 times the antenna approximately [15] . Therefore, in this paper, comparing with the 22.5 mm radius of the projectile the convex diameter was preliminary set to 0.9 mm. The convex surface of the projectile was designed as shown in Figure 2 
DEM Modeling

PBM Model.
The DEM modeling of the geological materials is based on bonding or gluing a packed distribution of sphere particles together for simulating its breakage and its propagation. The interaction between any two interacting sphere particles can be represented by the normal and shear force as well as their moments (as illustrated by schematic graph in Figure 3 (a)), which are described, respectively, by a force-displacement and Newton-Euler equations. In this paper, the equivalent model so-called Hertz-Mindlin with Bonding as one of the particle bonded model (PBM) was used to simulate the concrete properties at the microscopic level. The expression is written as
where
is the bond radius of contact particle, and Δ and Δ are relative displacements in the normal and tangential direction. ΔΘ and ΔΘ are relative angular displacements in the normal and shear direction.
Accordingly, the overall behaviors of the packed particle are determined by the loading modes, bond stiffness, and stress criteria as shown in Figure 3(b) . Once the interface strength is exceeded by the cohesive force in either shear or normal direction, the cohesive bond will be broken. Specifically, the failure criterion is predetermined using the following equations.
3.2. DEM Parameters. In order to better conform to the reality of material there is a need to demarcate the parameter of DEM. First, the particle shape and size of the DEM concrete target need to be chosen so that a sufficient quality of breakage is achieved in the process of penetration. In most cases, the particle of concrete or rock DEM materials is unified set sphere with Gaussian distribution. It is noted that particles of the DEM model do not represent individual grains but rather a proportion of the subject material at mesoscopic level. Therefore, the diameter of particle is greater than the grains used in real concrete structure. Moreover, from the materials composition the equivalent diameter of the coarse aggregate normally exceeds 4.75 mm and the mass proportion of them reaches 70% approximately. Thus in this work all particles had a diameter distribution size between 0.005 m and 0.02 m and the total number of discrete elements generated in the reference case specimen was about 34000. Second, the value of these PBM parameters should be validated by the simulation of quasi-static triaxial compression or the Brazilian splitting test, which is similar to previous work [12] . As can be seen in Figure 4 , the mechanical properties of DEM model for this simulation were as close as possible to the concrete with a 30 Gpa Young's modulus and a 35 MPa compressive strength after adjusting the PBM parameters. In addition, it has been proved that the material inertial plays the major role in compression mode [13] , so the strain-rate effect of DEM simulation does not need to be considered separately. Here, the input numerical data are listed in Table 1 .
Simulation Results and Discussion
In this simulation, the cylindrical shape target with 0.25 m diameter and 0.6 m height was imparted normally by a convex nose surface projectile. As mentioned in Section 2, the diameter of spherical cap for convex unit was selected as Φ0.9 mm with variation of height ℎ convex = 0.1 mm, 0.2 mm, and 0.3 mm, which was also compared with traditional smooth surface one represented by the term of ℎ convex = 0 mm. For every type of nonsmooth surface, the linear density of the convex distribution is not less than 0.266. In view of theoretical formulations of DEM both the projectile and the particles are assumed rigid, while the rigid bodies are allowed to overlap with one another using PBM contact approach.
Influence of Convex on the Interfacial Behaviors
Force History of the Projectile.
As a whole, the projectile against the target with the constant velocity, the total penetrating process includes two stages. At the beginning of the penetration, the average resistance force on the nose of projectile increases linearly with the penetration distance due to the developing of the contact zone between projectile and target. Once the nose of projectile is completely into the target the penetration reaches a steady state that results in approaching constant value of the penetration resistance [16] . In other words the state of penetration for the projectile at some speed can be represented by the limiting penetration resistance correspondingly. Figure 5 shows comparison of convex nonsmooth nose surface to conventional smooth surface projectile for penetration resistance as a function of penetration distance at the constant penetration velocity V = 450 m/s. As can be seen, the penetration forces for two-type projectile vary with caused a higher total contact pressure than the smooth one in the penetrating process. As can be seen in Figure 7 this effect is mainly due to the increase of local surface curvature giving rise by the convex unit which is changed from 1/ smooth to 1/ convex . According to (4) found by Hertz theory, higher curvature gives smaller contact radius a and finally causes higher contact stress that is calculated by / .
where is contact radius, is contact force between particle and projectile surface, and ] , ] , and , are Poisson's ratio and elasticity modulus of concrete particles and projectile, respectively. In addition, when adopting convex nose surface on projectile, the pattern of contact pressure for it has changed from cloud flake to mottling, as shown in Figure 6 (b). Their nose tip zone of convex before height of 0.25 mm is subjected to less contact pressure and the total area of nonsmooth nose surface between projectile and target also decreases significantly. This result also indicates that less contact area of the convex surface is beneficial to resist the effect of wear and mass erosion in the process of penetration. Figure 8 shows the bond force history of particle target at constant velocity of 450 m/s. We can also see that both average normal forces and shear one among bonded particles increased simultaneously 0.3 ms later. In other words, it can be concluded that the additional contact force contributes to speed up the breakage of adhered particle around the projectile. Such result leads to increasing the accumulated proportion of broken bond, after the projectile nose contacted with target completely (the penetration distance is more than the projectile nose length by 0.113 m, with the corresponding time being 0.3 ms), as shown in Figure 9 . Meanwhile, the increasing of contact forces also can be reflected from Figure 6 (b), which reached 400 Mpa especially near the convex hull. 
Force History of PBM Bonds.
Kinetic Energy Distribution of the Broken
Particle. During the penetration, the broken particle of the target, damaged by the convex surface nosed projectile, obtained more than the total kinetic energy after 0.1 ms (see in Figure 10 ). From  Figures 11(a) and 11(b) it is further illustrated that because of the convex unit more kinetic energy is transferred to the particles located in the radial direction of the nose tip. The reason is that the direction of velocity for broken particles may be changed and more particles obtain greater flow speed sequentially in radial direction when the convex hull comes in contact with the concrete target (see in Figure 12 ). Thus, the compaction density of concrete target around the tip of projectile decreases accordingly, which also improves the effect of antidrag and antiwear simultaneously.
Prediction of Normal Penetrating.
The simulation results using the above DEM method were only on behalf of the penetration state at a certain velocity. In order to directly predict penetration performance of the convex surface projectile, the average limiting penetration resistance under different velocities should be firstly calculated by DEM simulations and fitted a function related to the velocity. Finally, the prediction of penetration depth using the following formula (5) can be calculated by this fit function.
Shock and Vibration where and are the velocity and acceleration at time , respectively. is the penetration depth. ( , ) is the function of penetration resistance. is the mass of the projectile. Δ and Δ are the increment of time and penetration depth. Figure 13 shows the results of penetration acceleration calculated by DEM simulation and Forrestal empirical formula, respectively [17, 18] . In this case, the mass of projectile and initial velocity were set to 1.44 kg and 450 m/s, respectively.
It is observed that the DEM simulation results have good accuracy and coincide with the theory analysis. The variation trend of acceleration obtained by DEM simulation decreased more rapidly. We think the reason is that the penetration resistance of Forrestal empirical formula mainly comes from hydrostatic pressure provided by the compressive strength of the concrete target, which neglects the friction effect. In DEM contact model, however, it attributes to the bond strength, contact stiffness, and friction, especially the relative velocity between the contact particles. Therefore, the overload results of DEM simulation are more sensitive with the penetration velocity, which is also closer to the reality. Through the integration of acceleration, Figure 14 gives the history of the penetration depth. It shows that the maximum of final penetration depth obtained by ℎ convex = 0.3 mm increases from 0.24 m to 0.29 m under the same initial velocity of 450 m/s. Figure 15 shows the relationship between the ratio of penetration ( / is the ratio of penetration depth with projectile diameter ) and initial velocity from 50 m/s to 450 m/s. It can be seen that the drag reduction for nonsmooth surface is very significant until the initial velocity reaches more than 200 m/s.
Experimental Verification.
The comparative experiments were performed by the authors to validate the effect of the convex projectile nose surface on the penetrating performance. As for the projectile traditional alloy material it is not easy to process the convex array structure, so a kind of toughening ceramics for convex projectile nose shape by the method of 3D printing is selected. The strength and breaking tenacity of this kind material are 1200 Mpa and 15.0 Mpa, respectively. In order to guarantee the coaxiality, the nose structure was designed to be solid core with the bottom cylinder-shaped boss, which was mounted and cohered with the metal bullet core; the composite structure of projectile is shown in Figure 16 . Figure 17 shows the experimental projectiles with 14.5 mm diameter and 66.7 mm length, where the total weight of each one was about 59 g. The impact velocities of the projectiles were measured by a velocity sensors installed between the accelerating tube and the concrete target. The size of the concrete target is Φ1000 mm × 500 mm and its static compressive strength is 35 Mpa and the experiment set-up is shown in Figure 18 . In this test, the impact velocities of the projectiles varied from about 400 m/s to 650 m/s. As shown in Figure 19 and Table 2 , when the projectiles impacted the test targets with initial velocities of about 400 m/s, only craters were formed on the front of the concrete targets. However, with the increase of impact velocity from 400 m/s to 650 m/s approximately, the concrete targets got more serious damage and the radial cracks, penetrating tunnel, and crater appeared simultaneously. In contrast with the traditional smooth nose surface S-1, the convex nose projectile with an initial velocity of 402 m/s C-1 would get a larger radial damage crater area of the concrete target. Similarly, the size of tunnel impacted by the convex nose projectile with the impact velocity 647 m/s C-2 was also larger than that of the smooth surface S-2 at the same condition. This experimental phenomenon reflects that the convex nose structure enlarges the radial contact zone and strengthens the radial flow of broken concrete fragments. Meanwhile, the ability of the penetration depth caused by the convex structure would be improved remarkably from 7.8% to 14.6% when the initial impact velocity changes from 400 m/s to 650 m/s. This trend is also proved by the results obtained from the above simulation. On the other hand, it is noted that the experimental results are consistent with the calculation by Forrestal's empirical formula for traditional smooth surface projectile and the numerical values by DEM simulation are slightly deviated as a whole, but the maximum relative error is less than 20%. This reason we concluded is that in our simulation the model is found in ideal conditions and some effect factors are ignored like angle of attack, mass abrasion, and so on, which is worth further study for us.
Conclusion
Inspired by the body surface of creature, especially the dung beetles, the effect of convex nonsmooth projectile nose surface on penetrating concrete target was investigated by the discrete element approach. In fact, relative to the dung beetle contacting with the soil, the penetrating problem of the projectile against concrete target has its uniqueness, like material property, damage pattern, and so on. Accordingly, the effects of convex structure on the antidrag and antifriction are also different. Thus, the mechanism of convex surface projectile with concrete target should be clarified firstly.
The DEM model for concrete target can be built where it is easier to capture the breakage and flow behavior of the projectile and concrete target interface in the penetration process. A PBM model was used to describe the adhesive property of concrete particle and the parameters were calibrated by a series of compression tests. This work shows that it is possible to simulate the process of concrete breakage and predict the resistance and distance of projectile in process of penetration.
The status of penetration shows that the convex improves the normal contact pressure of projectile-particle at certain velocity, which results in strengthening the concrete breakage and decreasing the radial constraint locating around the projectile tip. Meanwhile, the factors of more angular energy of broken particle and less contact area may contribute to decreasing the friction of projectile.
By fitting the limiting penetration resistance at a series of constant velocity the penetration acceleration and distance of projectile can be obtained. The experiments proved that the DEM method is suitable to predict the projectile performance and the antidrag effect of convex nose surface increases with the increasing of initial penetration velocity. 
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